This work reviews formation processes of negative ions in low-pressure laboratory plasmas. There are many topics of discussion in the chemistry of negative ions. In most studies only volume production by dissociative electron attachment is considered. However, a typical problem is that experiments reveal higher negative ion densities than one would expect based on attachment rates to ground-state molecules. Apparently, there exist other, more efficient ion production channels. Excitation and chemical conversion of the parent gas under plasma conditions can significantly increase the effective attachment rates. This is due to extremely high attachment cross sections of rovibrationally and electronically excited molecules, as well as radicals and large polymeric species. Alternatively, negative ions can be efficiently generated in the plasma sheath, due to interactions of high-energy positive ions with neutrals or with the surface. Sheath chemistry can have a large impact on the bulk plasma, so it has to be studied in more detail to obtain a complete understanding of electronegative plasmas. Both chemical reactions in the volume and sheath collisions must be included in plasma models.
Introduction
The development of modern technologies poses many new challenges in plasma chemistry. In contrast to former days, when mainly noble gas discharges were studied, the current interests are spread over a large variety of complex chemical systems. In particular electronegative gases and plasmas attract much attention, in applications related to surface processing, atmospheric science, environmental studies for disposal gas cleaning and many others. Therefore there are many situations in contemporary plasma physics in which the role of negative ions is significant. In the past fundamental properties of negative ions have been extensively studied [1, 2] . Such studies form an important part of atomic and molecular physics and they have resulted in a valuable database on elementary processes involving negative ions. This database is extensively used in studies of the fundamental aspects of electronegative plasmas and in numerous applications of gaseous media containing negative ions. The influence of the negative ions on the middle and upper atmosphere has been investigated in the past. Recently, the importance of this topic has been widely acknowledged, due to the influence of electronegative pollutants, such as halocarbons, on ozone destruction [3] . Electron attaching gases are also commonly used as insulators in high-voltage technology [4] . Other well known electronegative media are discharges for excimer lasers, operating in noble gas-halogen mixtures. Electronegative plasmas are also commonly used for the generation of negative ion beams [5] . This area is mainly related to thermonuclear fusion research. High-energy neutral hydrogen atom beams are injected into fusion devices to serve as an additional heating source. Preparation of such beams is based on acceleration and neutralization of hydrogen ion beams. As in this technology usage of H − ions have some clear advantages over H + ions, there is a need for efficient negative ion sources. Finally, electronegative gases are used in most surface-processing discharges. Plasma-surface processing includes deposition, in which gases like silane, methane and ammonia are involved, as well as sputtering and etching applications, where oxygen, halogens, fluorocarbons and related gases are used. The presence of negative ions completely alters the discharge operation and opens a new field in plasma physics and chemistry. Plasma physical questions address the influence of negative ions on transport phenomena in the plasma, such as ambipolar diffusion and Bohm velocity, and the related changes in global electrical properties of the discharge [6] . The essential issues in the chemistry of electronegative plasmas are the mechanisms of the negative ion generation and destruction, and various interactions between the neutral and ion chemistry. This paper will survey some recent ideas on the formation mechanisms of negative ions in low-pressure, non-equilibrium plasmas.
Volume processes
This section deals with negative ion formation by elementary processes in the plasma glow. An important non-equilibrium property of a low-pressure glow is a low gas temperature (at most a few hundreds of degrees Celsius). Plasma chemical reactions that require an energy threshold are initiated by electrons, which have a relatively high mean kinetic energy of a few electronvolts. Therefore, the class of elementary processes described below involves cold heavy particles and electrons with typical energies of 1-10 eV.
In most cases the primary step of negative ion formation is electron attachment to neutral species, yielding an excited parent anion, which must be stabilized:
The excess energy E equals the sum of the internal energy of the species X, the electron energy and the electron affinity of X. It can be disposed of by emission of a photon (radiative attachment), or by collision with a third particle (three-body attachment). Both stabilization mechanisms play a minor role in low-pressure plasmas: radiative attachment has a very low cross section, and three-body attachment requires high background gas densities. In the case of electron attachment to large, polyatomic molecules the energy in the excited parent anion may be redistributed internally, for example to vibrational and rotational modes (non-dissociative attachment). The most efficient stabilization for small molecular parent anions is achieved by dissociation (dissociative attachment, DA):
The energetic effect of DA depends on the dissociation energy of XY and the affinity of Y; for commonly used molecules such as O 2 , H 2 or CF 4 , this process is endothermic and requires an electron energy threshold of a few electronvolts. DA is the most probable reaction scheme, which leads to volume generation of negative ions in low-pressure plasmas. Negative ions can be also produced in charge transfer or association reactions between neutrals and other negative ions:
Charge transfer is energetically favoured if Y has a higher electron affinity than X. In low-pressure discharges charge transfer is a possible formation channel for molecular ions, which cannot be efficiently formed from corresponding molecules by direct non-dissociative process. For example, in oxygen plasmas molecular ions can be formed by charge exchange between O − and ozone or electronically excited metastable state O 2 (a) (a 1 g ) [7] :
However, in low-pressure plasmas excited oxygen molecules and ozone are minority species, so the above mechanism cannot provide high densities of negative molecular ions. Experiments show that the fraction of O − 2 is substantial (up to 20% of the total negative ion density) [8] . Therefore, more efficient formation channels of molecular ions must exist, for example near-surface reactions discussed later in this work.
It is generally accepted that in low-pressure plasmas negative ions are formed due to dissociative electron attachment, and there exists a large database on DA cross sections. In the first approach to modelling of electronegative plasmas, attachment rates are obtained from literature cross sections for the parent gas, integrated over an electron energy distribution (typically a Maxwellian distribution). However, in many cases this leads to severe mismatches between the calculated and experimental data. One of the common problems is a serious underestimation of negative ion densities in the calculations [9] . Experiments show that in electronegative plasmas negative ion densities (n − ) can be orders of magnitude higher than the electron density (n e ). For example, the density ratio n − /n e is in the order of 10 for O 2 and CF 4 plasmas, and as high as 10 3 for CCl 2 F 2 plasmas [6, 8, 10] . One of the reasons for such abundant ion production lies in the chemical composition of the plasma. Conversion of the parent gas in the plasma environment results in a complicated mixture of stable molecules, electronically, vibrationally and rotationally excited molecules and radicals. Thus, in order to correctly model the chemistry of negative ions, knowledge of attachment cross sections for all plasma constituents is needed. Some typical attachment rates for common species are listed in table 1 [11] [12] [13] [14] [15] [16] [17] . The highest possible attachment rate (at thermal electron energy) is also included in the table. This limiting case is based on the maximum cross section for electron capture for a given electron energy E [18] :
Here α is the polarizability and a 0 is the Bohr radius of a molecule. In the zero electron energy limit, σ max is reduced to the Langevin cross section. For some extremely electronegative species, such as SF 6 or CCl 4 , attachment cross sections indeed approach the Langevin limit.
The attachment cross section can be strongly dependent on the rotational and vibrational state of a molecule. For hydrogen and deuterium molecules the cross section for dissociative attachment for the vibrational state with ν = 4 is four orders of magnitude larger than for ν = 1 [19] , and the electron energy threshold is lowered by the internal energy of the excited state. Thus, enlarged cross sections in combination with lowered thresholds for vibrationally excited states result in enhanced electron attachment rates in low-pressure plasmas, where the mean electron kinetic energy lies around 3 eV. In hydrogen discharges, H − production is fully dominated by dissociative attachment to high vibrationally and rotationally excited states [5] . Similar, but less drastic, effects have been observed in other systems, such as CF 4 and oxygen.
Attachment cross sections for electronically excited species can be also higher than those for the ground state. For example, the metastable O 2 (a) state mentioned above has a four-times larger dissociative attachment cross section than the ground state O 2 , while the threshold electron energy is lowered by the internal energy of O 2 (a) (1 eV) [2] . Extremely high attachment rates (at the Langevin limit) have been found for excited molecular states lying very close to the ionization continuum. These so-called super-excited states (SESs) and Rydberg states [20, 21] are considered in the modelling of negative ion production in volume H − sources. In the lowpressure volume sources, the high-energy tail in the electron energy distribution function allows efficient excitation of the Rydberg states, which in turn capture slow electrons to form H − . It is shown that inclusion of the attachment to Rydberg states in the models can increase the calculated negative ion density up to five times [9] .
More complicated to account for is the attachment to radicals, produced in the discharge by dissociation of the molecules. In CCl 4 the following scheme of consecutive attachment was found by Adams et al [22] :
The attachment rate to the radical is of the same order or faster than to the parent molecule. A similar effect has been observed in a CCl 2 F 2 discharge, where attachment to radicals nearly doubles the negative ion production rate [23] . Unfortunately, not much data on this kind of reaction are available. Of course, not only unstable molecules are responsible for increased attachment rates in the plasma. Chemical conversion of the gas also yields stable molecules, which often have larger attachment cross sections than the parent molecule. A typical effect is plasma polymerization, which plays an important role in silane and fluorocarbon chemistries. CF 4 and CHF 3 gases serve as a good example. Since DA to ground-state CF 4 has a low cross section and a high energetic threshold of about 6 eV, nominal attachment rates under typical plasma conditions would be rather low: 4 × 10 −18 m 3 s −1 at mean electron kinetic energy of 3 eV and 6 × 10 −17 m 3 s −1 at 5 eV [11] . In contrast, the experimental rates found by Stoffels et al [6] are as high as a few times 10 −16 m 3 s −1 . For CHF 3 the attachment cross section is even lower than for CF 4 and the energetic threshold is higher. However, experiments show that production rates and densities of negative ions in CHF 3 are also very high, even somewhat higher than in CF 4 [10] . In both cases this effect can be explained by the conversion of the parent gases. In fluorocarbon plasmas polymers with ten or more carbon atoms can be formed. Naturally, smaller polymers such as C 2 F x , C 3 F x or C 4 F x are relatively most abundant: they constitute up to about 0.1-1% of the total gas density. Their attachment cross section is so much higher than that of the parent gas that, even at low concentration levels, they have an important influence on the negative ion production. In order to obtain the production rate, one should determine the concentration of each species (stable or unstable) for given plasma condition and use the literature DA cross sections. However, this is a tedious procedure, and for unstable species the knowledge of cross sections is limited. Much more convenient is to determine the effective attachment cross section, which includes DA to the parent molecule as well as to conversion products. This is readily obtained using the electron attachment mass spectrometry (EAMS) [24] . In this technique, electronegative species from the plasma are sampled to a mass spectrometer, where they are converted into negative ions using an electron source with variable energy. Detecting negative ion signals as a function of the energy of the electrons from the source allows one to determine the effective attachment cross section of the electronegative gas sampled. Typical results for a CF 4 discharge are shown in figure 1 . The dependence of the effective cross section for F − formation on the plasma conditions is demonstrated. In absence of the plasma, a relatively weak signal due to DA to CF 4 is recorded. In presence of plasma large peaks emerge at 4.5 and 3 eV, which can be ascribed to DA to the plasma conversion products C 2 F 6 and C 3 F 8 . The somewhat broader signal at lower electron energies (0.5-1 eV) is due to attachment to F 2 and polymeric fluorocarbon species. Note that despite the fact, that CF 4 is the majority gas, DA to CF 4 is only a minor contribution to the total negative ion formation. It is clear that negative ion production in CF 4 plasmas is fully dominated by polymerization products, which are more electronegative than the parent gas. This effect becomes especially accentuated when one considers not the cross sections, but the corresponding attachment rates in the − production in CF 4 gas at 0.02 mbar and in CF 4 plasmas at several power levels. In the neutral gas, the attachment resonance appears at 7 eV. In the plasma, resonances due to attachment to C 2 F 6 and C 3 F 8 are visible at 4.5 and 3 eV. Effective attachment frequency (ν att = k att n 0 , where n 0 is the total gas density at 0.02 mbar pressure) in a CF 4 plasma as a function of the power input. The relative cross sections from figure 1 are integrated over the Maxwellian electron velocity distribution (corresponding to the temperatures of 3 and 5 eV). The attachment rates for CF 4 gas have been scaled to the data provided by Christophorou et al [11] . This frequency represents thus the effective formation frequency of negative ions, including attachment to plasma-produced species with various attachment constants:
plasma. The effective cross sections from figure 1 can be used to obtain the actual negative ion formation rates k att in the plasma. The cross sections σ at several plasma power levels have been integrated over the electron velocity distribution, which for the simplicity is assumed to be Maxwellian f (v):
As shown in figure 2 , enormous enhancement of the attachment rate occurs in the plasma, because the conversion products both increase the effective cross section and lower the energetic threshold of electron attachment. As expected, the attachment rate increases with plasma power, correlating with increasing density of active polymeric species.
Concluding, volume generation of negative ions is generally a very complex process, and there is still some discussion about the contribution of various electronegative species.
It is necessary to take into account plasma chemical effects of gas conversion, yet it makes modelling of electronegative plasmas a difficult task.
Near-surface ion formation
Besides elementary processes in the gas phase, surface processes can be important for negative ion generation. A thoroughly investigated process is surface conversion. This mechanism involves the interaction of plasma species (neutral or ionic) with a surface and the subsequent desorption of negative ions. Surface converters are subject to extensive studies in the generation of negative ion beams [25] . Usually, materials with low work functions, such as caesium or barium are applied, but recently many authors have also considered insulating surfaces [26] . In most surface sources positive ions are accelerated perpendicularly to the surface and the resulting negative ions are back scattered. However, electron transfer is more efficient at the grazing incidence of the positive ion, due to the longer interaction time with the surface. In active plasmas there are more possibilities of nearsurface ion generation. In low-pressure discharges a high electric field is present across the boundary layer of the plasma. Thanks to this field, positive ions bombard the surface with energies up to several hundred electronvolts, which makes the plasma useful as a surface-processing tool. However, the high-energy ions can also undergo collision processes close to the surface and create other particles. This results in unique sheath chemistry, where reactions are essentially different from the bulk plasma processes, which involve only cold heavy particles. Negative ions are just some of the possible products of sheath reactions in low-pressure plasmas.
It is believed that in low-pressure radio-frequency (RF) discharges used for surface processing negative ions are not involved in surface interactions. Unlike positive ions, which are accelerated in the plasma sheath towards the electrode, negative ions remain confined in the positive plasma glow. The extraction of negative ions from RF sources is generally a troublesome task. Negative ion fluxes cannot be recorded at the surface during normal RF plasma operation. Mass spectrometric detection of negative ions is achieved either by pulsing the plasma and collecting signals in the afterglow phase [27] , or by applying a positively biased extraction orifice. However, recently direct mass spectrometric measurements of negative ion fluxes during RF plasma operation, using an unbiased orifice have been performed [28] . Since the collected ions cannot originate from the plasma volume, several possibilities of near-surface ion generation must be considered.
In oxygen RF plasmas, direct signals of O − ions extracted through an orifice in the grounded electrode have been recorded using a HIDEN quadrupole mass spectrometer. Typical energy spectra are shown in figure 3 . The total (energy integrated count rates increase with increasing plasma power and pressure. Ions arrive at the electrode with low kinetic energies, of at most a few electronvolts. The average ion energy increases somewhat with increasing RF power and pressure. These dependences indicate that O − ions are created in a genuine plasma process, possibly with the assistance of energetic plasma particles. Under the applied plasma conditions (pressure range of 0.050-0.200 mbar, RF power up to 50 W), the potential barrier of the sheath is 30-40 eV. In the plasma glow, no realistic process can provide ions with energies sufficient to overcome the barrier and reach the electrode surface. Therefore, it follows that the negative ions detected are produced in the near-electrode region. Of course, the fraction of sheath-produced ions that eventually reaches the quadrupole mass spectrometer is small; the majority is most likely directed into the plasma. Thus, sheath formation opens a new, potentially important ion generation channel, which may have large implications for the understanding of negative ion chemistry in low-pressure discharges. It should be noted that this process is not unique for oxygen chemistry. Also in CF 4 RF plasmas large signals of negative ions have been observed. Besides the dominant F − , a significant amount of the molecular ion CF − 3 has been found ( figure 4) . Surface or sheath-generated ions in CF 4 have somewhat more kinetic energy than oxygen ions under similar conditions.
In order to study the impact of near-surface negative ion production on the bulk chemistry, a dc discharge has been considered. In a dc case, one can extract negative ions directly at the anode side. Typical energy spectra of O − 2 and O − from an oxygen dc discharge are shown in figure 5 . Ions arrive at the anode with kinetic energies of a few electronvolts, as they have been accelerated in the anode fall. However, large amounts of ions have been also extracted at the cathode side (see figure 6) . As in the RF discharge, these ions cannot originate from the bulk plasma. Thus, near-surface ion generation also takes place at the cathode of a dc discharge. The most curious effect, and that most rich in consequences, is, however, observed at the dc anode at reduced pressures. Energy spectra shown in figure 7 display two features: a 'thermal' peak, similar to that observed at higher pressures ( figure 5 ) and a high-energy tail. The high-energy negative ions must have been created in the cathode fall region and accelerated through the entire plasma column before they have reached the anode. Similar phenomena were observed by Zeuner et al [29] . Naturally, at higher pressures the accelerated 'cathode' ions thermalize, so they cannot be distinguished from bulk ions (figure 5). Note that at very low pressures O − 2 is the dominant negative ion in the plasma. From figure 7 it is clear that the contribution of highenergy ions to the total signal is large and thus the influence of near-surface generation on bulk ion chemistry is significant. In particular, for the molecular ion O − 2 , near-surface process may be the dominant formation mechanism under low-pressure conditions, because bulk formation (DA, charge transfer) is inefficient.
Finally, a near-surface formation mechanism will be proposed. Surface conversion of positive ions from the plasma is one of the options. However, the dependences of the observed ion signals on plasma parameters indicate a sheath process rather than surface conversion. In particular, the increase of negative ion signals with pressure suggests that collisions with gas molecules in the sheath play a role in ion − (broken curve) arriving at the anode side of a dc plasma glow at 0.050 mbar pressure. The detailed structure of the spectrum on the low-energy side is shown separately. Negative ions from the plasma bulk (thermal ions) are present, as in figure 5 . The scheme of the electric potential in a dc glow is given: it can be easily seen how ions formed in the cathode region are accelerated through the plasma. These ions are responsible for the high-energy feature of the spectrum.
production. Moreover, in case of genuine surface generation it would be extremely difficult to extract negative ions through a negatively biased electrode (RF or dc cathode), so in this case they could not be detected by the mass spectrometer. Therefore, sheath processes will be discussed as a possible explanation of near-surface ion production.
An efficient mechanism of near-surface ion generation involves so-called ion pair formation upon impact of a highenergy positive ion:
The proposed process explains why the resulting negative ions can be extracted in spite of the electric field in the sheath, which tends to direct them to the glow. The momentum transfer from a high-energy positive ion will result in a certain velocity component of O − towards the electrode, so that at least some of the produced negative ion can reach the orifice and be detected by the mass spectrometer.
Estimates of the ion pair formation cross section (σ ip ∼ 10 −20 m 2 [1] ), combined with previously collected data on electron densities and positive ion fluxes ( + ) [8] give the following relation between the sheath production rate (P sh ) the plasma production rate due to DA (P pl ) for a parallel-plate plasma geometry:
In the above L is the length of the plasma column and x is the sheath thickness. In the small electrode gap of discharges this ratio can be greater than 0.1. More generally, in lowpressure plasmas with a large surface to volume ratio, ion pair formation in the sheath forms an important channel for negative ion generation. In all possibility, other reactions between highenergy particles in the sheath can also lead to negative ion formation. In any case, sheath chemistry has to be considered in the modelling of low-pressure discharges.
Conclusions
Negative ion chemistry in low-pressure discharges is very complex. There is a variety of formation mechanisms of negative ions in the plasma glow, in the sheath and at the surface. In previous works most attention has been paid to volume processes, especially to dissociative electron attachment. It has been shown that chemical conversion of the parent gas in the plasma, as well as vibrational and electronic excitation, leads to substantial enhancement of negative ion production. Lately, it has been demonstrated that also the surface and the sheath are important sources of negative ions. Sheath chemistry in low-pressure plasmas is very rich; the interactions of high-energy positive ions with neutrals can easily lead to negative ion generation, for example in ion pair formation processes. Both volume production enhancement and additional sheath/surface ion formation result in very high negative ion densities in low-pressure plasmas. Since such amounts of negative ions completely alter the plasma performance, it is important to understand their origin and to take into account proper formation processes in any attempt to model plasmas.
